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METHOD FOR MAKING SILICA SUPPORTED, 
CRUSH-RESISTANT CATALYSTS 



FIELD OF THE INVENTION 

The present invention pertains to making silica supported catalysts, 
particularly such catalysts with good mechanical strength. 

BACKGROUND OF THE INVENTION 

Silica gels and other silica components are widely used as catalyst 
supports in industry. For fixed bed type processes, silica-supported catalysts in a 
formed shape, such as beads or extrudates, are required. Two approaches have been 
commonly used to produce formed silica-supported catalyst particles. One involves 
the impregnation of catalyst components on preformed silica particles, and the other 
involves the preparation of silica-supported catalyst powders and then processing the 
powders into formed catalyst particles. 

The formation of silica gel beads is a common practice in industry and 
well documented in open literature. Although silica gel beads with good mechanical 
strength can be obtained, these beads are (in general) susceptable to cracking when 
they are immersed in water. This precludes the use of direct aqueous impregnation on 
silica xerogel beads as a way to produce silica-supported catalyst beads. 

To alleviate this cracking/breakage problem of silica gel beads, two 
types of methods have been developed. One uses organic solvents rather than water 
as the impregnation medium. The much lower surface tension of organic solvents 
significantiy reduces the cracking and breakage of silica gel beads. However, the use 
of organic solvents increases not only the cost of manufacturing but also the 
complexity of the process. Another type of method aims to improve the mechanical 
strength of silica gel beads by calcining the beads at high temperatures (800-lOOO^C), 
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prior to catalyst impregnation. Calcining silica gels at high temperatures, however, 
increases the manufacturing cost and changes the surface chemistry of the silica gel, 
particularly causing the sintering of silica gel and the reduction of surface hydroxyl 
concentration. This may be very undesirable because hydroxyl groups may be the 
anchoring sites for many catalytic components. In both types of methods, two drying 
steps, one for the drying of silica gel beads and the other for the drying of catalyst 
beads, are necessary. 

In many processes, more than one drying step is contemplated. Drying 
processes are typically costly. Therefore, it would be desirable to develop a process 
for making high strength catalysts which minimizes the number of drying steps 
required. 

SUMMARY OF THE INVENTION 

In view of its purposes, the present invention provides a method for 
making a catalyst which involves first forming a silica component. The method 
includes next washing the silica component to form a washed silica component. The 
washed silica component is then contacted with an aqueous, alkaline bath comprising a 
catalytic metal to impregnate the silica component with the catalytic metal, thereby 
forming an activated silica component. Then, the activated silica component is dried 
to form the catalyst. The present invention also provides the product produced by this 
method. 

It is to be understood that both the foregoing general description and the 
following detailed description are exemplary, but not restrictive, of the invention. 

BRIEF DESCRIPTION OF THE DRAWING 

The invention is best understood from the following detailed description 
when read in connection with the accompanying drawing, in which: 

FIG. 1 is a graphical depiction of the cumulative crush strengths of a 
catalyst sample prepared according to the present invention, as described below in 
Example 1; and 

FIG. 2 is a graphical depiction of the cumulative crush strengths of 
catalyst samples prepared according to the present invention, as described below in 
Example 2. 
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DETAILED DESCRIPTION OF THE INVENTION 

The present invention is directed to a method of making a catalyst, 
particularly a silica supported catalyst. Such catalysts are useful for catalyzing the 
dol condensation of propion ic acid or propionic ester to m ethacrylic acid. Other 
uses of catalysts of the present invention include o bfin poj^ymerization ^ehMra^ 
hydroxylation ,^^d isomerization. The catalysts of the present invention can be used 
as catalysts in a fixed bed reactor or in other reaction environments. 

In general, four steps (and optional hydrothermal treatment and calcining 
steps) are involved in preparing the catalysts of the present invention and are carried 
out in the following order: 

1 . forming a silica component; 

2. (optional) exposing the silica component to a hydrothermal 
treatment; 

3. washing the silica component; 

4. contacting the silica component with an aqueous, alkaline bath 
comprising a catalytic metal to impregnate the silica component 
with the catalytic metal to form an activated silica component; 

5. drying the activated silica component; and 

6. (optional) calcining the catalyst. 

Step 1 above, forming a silica component, is well known the art. The 
silica component according to the present invention can be any compound having 
silica (Si02) and used as a support for catalysts, such as silica gels, co-gels, and 
precipitated silica, among others. Such silica components can be made by art- 
accepted processes using methods of preparation and purification known in the prior 
art. For example, the silica supports used in connection with the present invention 
can be prepared by the methods described in U.S. Patent Nos. 4,422,959 to Lawson et 
al., 3,972,833 to Michalko et al., or 5,625,013 to Mueller et al. or Canadian Patent 
No. 1,064,008 to van Beem et al., each of which is incorporated by reference herein. 
As described in more detail below, methods similar to those described in U.S. Patent 
No. 6,248,911, entitled PROCESS AND COMPOSITION FOR REFINING OILS 
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USING METAL-SUBSTITUTED SILICA XEROGELS, incorporated herein by 
reference, may be used to prepare the silica components (which are referred to as 
"hydrosol beads" in that patent), except that no metal substitution step is needed in 
this invention. 

More specifically, a silica gel may be formed by simultaneously and 
instantaneously mixing aqueous solutions of a mineral acid, such as sulfuric acid, and 
an alkali metal silicate, such as sodium or potassium silicate. The concentrations and 
flow rates or proportions may be adjusted so that the hydrosol contains about 8 to 
14% Si02 and so that the majority of the alkali metal present in the silicate solution is 
neutralized. The silicate/acid mixture is then forced through a conventional nozzle in 
a known way. From the nozzle, the mixture forms hydrosol beads, which are allowed 
to set quickly to form a hydrogel (a "silica component" as used herein), all in a 
known manner. The beads may be caught in water or, more preferably, an aqueous 
ammonium sulfate solution (such as a 3% ammonium sulfate solution), which also 
improves the bead strength. 

In one embodiment in which cesium is used as the catalytic metal and the 
catalyst is used in the production of ethylenically unsaturated acids or esters, in the 
form of beads, the hydrosol contains about 12% Si02, has a pH above about 8, and 
gels in a matter of 20 to 1,000 milliseconds. This results in a silicate solution which 
is only partially neutralized by the mineral acid, in which case the reactants are 
formed into spheres by spraying in air. As is well known, a partially neutralized 
hydrogel (i.e., on the alkaline side), has a relatively short gel time and will form a 
sphere in air. On the other hand, a fully neutralized hydrogel or acidic hydrogel (i.e., 
on the acid side), must typically be directed to an oil column to achieve its spherical 
shape. 

As mentioned above, the silica component may be a co-gel. In this 
event, the step of forming the co-gel involves combining an alkali metal silicate, a 
mineral acid, and a source of a second metal to form a hydrosol and allowing said 
hydrosol to set. In one embodiment, the mineral acid may be first mixed with the 
source of the second metal to form a mixture, which is then combined with the alkaU 
metal silicate. Alternatively, the second metal source may be intermixed with the 
mineral acid and alkali metal silicate solution via a separate stream. 
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The second metal may, under some conditions, serve to stabilize the 
catalyst in operation and also might serve to improve the catalytic activity. Such 
metals include zirconium, titanium, aluminum, iron, etc. The selection of these and 
other metals is well known to those skilled in the art and depends on the desired end 
use of the catalyst, among other factors. For example, titanium is known to perform 
well as part of an oxidation catalyst and aluminum is known to perform well as part of 
an alkylation catalyst. The particular amount of second metal can be identified by one 
skilled in the art, recognizing that too littie amount of the second metal will not have 
any stabilizing influence while too much second metal could adversely affect the 
catalyst's selectivity. A typical range of the second metal might be between about 
0.05 to 1.5 weight percent of the second metal, although this range will vary based on 
a number of factors. 

In one embodiment, such as is disclosed in WO 99/52628, incorporated 
herein by reference, the stabilizing metal is zirconium and the source of zirconium is 
zirconium orthosulfate. Other sources of zirconium include zirconium nitrate, 
zirconium sulfate, zirconyl chloride, and zirconyl bromide, among others. Methods 
for preparing silica-ztrconia co-gels are well-known in the art and some such methods 
are described in U.S. Patent No. 5,069,816, incorporated herein by reference. 

In sum, the silica components of this invention may be silica gel beads 
(or silica gel beads doped with other metals) and may be formed by partially 
neutralized sodium silicate with sulfuric acid (or acid doped with other metals, usually 
in the form of metal sulfates or orthosulfates). More specifically, silica hydrosols are 
formed by simultaneously and instantaneously mxing sodium silicate and acid, and are 
then forced through a nozzle. From the nozzle, the mixture forms hydrosol droplets, 
which are allowed to set quickly to form hydrogel beads. The size of the beads is not 
critical and can vary over a wide range. In some applications, the bead size may vary 
from less that 1 mm to 6 mm, more typically between 1 mm and 4 mm, the size range 
for most fixed bed operations. 

An optional step, exposing the silica component to a hydrothermal 
treatment, may be carried out if it is desired to increase the pore diameter which 
allows the reactants to reach internal surfaces of the catalyst. This step also has the 
effect of decreasing the surface area of the silica component. In general, this step 
involves heating the silica component in an alkaline hydrothermal solution. More 
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specifically, exposing the silica gel to elevated temperatures at alkaline pH leads to a 
rearrangement of the gel structure; surface area is reduced and the mean pore 
diameter of the final product is increased. This process is known in the art as 
"hydrothermal treatment." An acid-set gel needs to be adjusted to alkaline or neutral 
pH for this to occur, but an alkaUne-set gel needs only be held at an elevated 
temperature for some period of time. AU of these effects are well-known to those 
skilled in the art and are described in many publications and patents. In particular, it 
is believed that smaller hydrogel particles dissolve and larger particles get still larger 
during hydrothermal treatment, causing the specific surface area of a sample to 
decrease. 

Whether to undergo hydrothermal treatment and, if so, the extent to 
which this is done, depends largely on the desired end use of the catalyst. 
Hydrothermal treatment is especially desired when the pore diameter of the silica 
component is too small to allow reactants of the desired end use to reach internal 
surfaces of the silica component, or the products of the desired end use to diffuse out 
of the silica pores. Typical hydrothermal treatment conditions might include a 
temperature of between 40 C and 100 C (or higher if pressurized), a pH of between 
about 7-11, and a time of between 4 and 40 hours. The hydrothermal solution may be 
rendered alkaline by using a base, such as sodium hydroxide or ammonium hydroxide. 
This step is also referred to in the art as "aging" or "steeping," although steeping 
typically refers to treatment at neutral pH which necessitates a longer steep time to 
achieve the same effect. More specifically, as reaction time, temperature and pH are 
increased, the surface area of the silica gel particles will decrease further and the pore 
diameter will increase to a greater extent. 

The silica component is then washed using one of two different methods. 
In the first method (Method 1), the silica component is acidified and then washed with 
acidified water. For example, the beads may be acidified by exposure to sulfuric 
acid, such as to a pH of between about L5 to 2.5, and more preferably to about 2. 
The acidified water used may have a pH adjusted to between about 2.5 to 4, and more 
preferably between about 3-3.5, typically by use of sulfuric acid. In the second 
washing method (Method 2), the silica component is washed with aqueous ammoniun 
sulfate solution and then neutral water. In this washing method an ammonium cation 
displaces a sodium cation as follows: Si-ONa"^ + NH^"^ 
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5=t Si-0NH4"^ + Na"^. The water wash displaces a significant amount of the 
ammonium cations, and the subsequent impregnation of cesium (or another catalytic 
metal) displaces almost all of the remaining ammonium as the catalytic metal is 
preferentially bonded to the silica component. In this invention, these washed 
hydrogel beads are the feedstock for catalyst bead preparation. 

Neither of the two washing methods set forth herein seem to be 
particularly preferred and other known washing methods may be employed. It has 
been found that the second washing method tends to decrease the pore volume of the 
silica gel to a greater extent. On the other hand, the presence of calcium or 
magnesium cations in city water adsorbs onto the silica gel when using the (second) 
washing method while these cations do not tend to do so when using the (first) wash 
method. Regardless of the particular washing method used, multiple washing stages 
may be employed as is well-known in the art, until the sodium concentration in the 
effluent is at or below an acceptable level, preferably at or close to zero. This can be 
determined by atomic absorption or, more easily, by ion conductivity. The washing 
may occur as a batch process, by concurrent flow, or by countercurrent flow. 

The washed silica component is then contacted with an aqueous, alkaline 
bath containing a catalytic metal. The conditions of this step, such as the contact time 
and temperature, are chosen to allow for impregnation of the silica component with 
the catalytic metal to form an activated silica component. Preferably, the conditions 
are selected so that the reaction between metal and silica surface hydroxyl groups 
reaches or nearly reaches equilibrium. In most cases, a certain metal loading is 
targeted, for example, targeting 6% Cs on a gel with a surface area of 300 m^/g, 
which corresponds to about 21% hydroxyl coverage. The specific conditions will 
vary depending on a number of factors, such as the type of the silica component, the 
hydroxyl concentration of the silica component, and the specific catalytic metal used 
and its form. Therefore, contact times and temperatures can vary over a wide range, 
such as between about 1 to 8 hours and from room temperature to heated up to 60°C 
and higher. As mentioned in the examples below, a contact time of 4 hours is often 
sufficient. The concentration of the aqueous, alkaline bath may also vary over a wide 
range, keeping in mind the solubility limit of the catalytic metal. For example, the 
concentration of metal may range from 0.02 to 0.2M. Slight agitation to encourage 



PQC-302US 




-8- 



impregnation, but not too strong so as to cause some of the spheres to break, is 
preferably employed. 

It has been found that die bath should have an alkaline pH to improve the 
strength, or crush resistance, of the silica gel catalysts. More preferably, the pH of 
the aqueous bath, as measured at the end of impregnation, should be between about 
7.5 and 10, and even more preferably between about 8 and 9.5. A base, such as 
ammonia in the form of ammonium hydroxide, may be used to render the bath 
alkaline. The amount of ammonium hydroxide may vary over a wide range, and 
could be between 0.015 to 0.05 grams ammonium hydroxide per gram silica 
component. Anmionia is particularly desirable because the protons released during 
the ion exchange reaction Si-OH + Cs^ ^ Si-OCs + H"^ can be neutralized by 
ammonia, driving this reaction to the right. Moreover, anmionia evolves easily 
during drying or calcining, leaving no residual impurity in the catalyst, in contrast to 
other bases such as NaOH or KOH. It is believed that a portion of the cesium is 
bonded to the silica component by ion exchange while another portion of the cesium is 
retained in the pores of the silica component. 

The bath may include a salt of the catalytic metal, water, and ammonium 
hydroxide, and the catalytic metal may be alkali and/or alkaline earth metals, as well 
as other metals. In cases where cesium is used as the catalytic metal, it is mixed with 
water and ammonium hydroxide in the form of cesium carbonate, cesium nitrate, 
cesium acetate, cesium chloride, etc. In cases where the metal forms insoluble metal 
hydroxide, for example Mg(OH)2 and Ca(OH)2, ammonium hydroxide must be added 
in a carefully controlled way during the hnpregnation to prevent the formation of 
insoluble metal hydroxide. After this step, the silica component is deemed 
"activated" in that an active catalytic component is impregnated thereon. 

Then, the activated silica component is dried, such as in a drying unit or 
oven. The silica component can be dried to anywhere from between about 0.01 % to 
25% moisture content. Typically, the catalyst will be dried to <5% moisture. Either 
in the same unit or in a separate unit, the dried silica component may then be calcined. 
Whether to calcine or not depends largely on the end use of the catalyst, with many of 
the same considerations of whether to undergo hydrothermal treatment relevant. The 
details of calcination are well known to those skilled in the art. The calcination 
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conditions can be determined empirically and depend on a number of factors, 
including the composition of the silica gel, the intended use of the catalyst, etc. 

The catalysts may be used in fixed bed applications, in which case the 
catalysts may be used in their spherical form as made. The catalysts may also be 
ground and used as powders or reformed into granules, pellets, aggregates, or 
extrudates. The form of the catalysts is primarily dictated by the desired end use of 
the catalysts and the conditions during that end use. 

The specific porosimetric properties of the silica component do not 
appear to be critical with respect to the present invention. These properties include 
pore volume, pore diameter, and surface area of the silica component. These values 
will likely be dictated, to some extent, by the end use of the catalysts. It is believed 
that, in many cases, the higher the surface area of the catalyst, the more active the 
catalyst. Thus, a surface area of at least 50 m^/g is desirable in many cases. As 
mentioned above, it is desirable that the pore diameter of the silica component be 
above a certain threshold value so that the reactants of the desired end use can reach 
the internal surfaces of the catalyst. 

As demonstrated by the examples below, the silica gel bead supported 
catalysts of the present invention show good mechanical strength and crush resistance. 
Moreover, with the use of only one drying step in the fabrication process, an 
economical process for making catalysts is presented. 

EXAMPLES 

The following examples are included to more clearly demonstrate the 
overall nature of the invention. These examples are exemplary, not restrictive, of the 
invention. 

In the examples, crush strength is determined in the manner as set forth 
in the following: A sample was separated into two portions: good beads (no breakage 
and no visible cracks) and bad beads (broken particles and beads with visible cracks). 
30 beads, all about 4 mm in diameter, were randomly picked for the portion of "good 
beads'' and their crush strength measured using a Chatillon TCM201 crush tester. 
Results are reported in two fashions: the average crush strength and the cumulative 
crush strength. The average crush strength is the median crush strength of the subject 



PQC-302US 




- 10- 



sample. The weight percent of cesium is the weight of cesium divided by the total 
weight of the catalyst. 

Example 1 

A silica hydrosol component (namely, a silica-zirconia co-gel hydrosol) 
containing 12% of Si02 was prepared by rapidly mixing solutions of zirconia- 
containing sulfuric acid and sodium silicate. The acid solution had a concentration of 
10.7%H2SO4 and a temperature of about 85°F. In addition, the sulfuric acid was first 
mixed with zirconium orthosulfate to achieve a concentration of 0.20 wt% Zr. The 
silicate solution had a nominal Si02:Na20 weight ratio of 3.2, a solids level of 30.5% 
and a temperature of about 85 °F. The flow rates of the acid and silicate solutions 
were adjusted such that 90% of the sodium in the silicate was neutralized; the pH was 
above about 8. The hydrosol was sprayed into the air and allowed to form into 
spheres and the beads were then caught in a 3% ammonium sulfate aqueous solution. 
The gel time was less than one second. 

The spheres were then hydrothermally treated at about 90°C. The 
spheres were then washed by first acidifying them with sulfuric acid to a pH of about 
2 and washing them with water acidified with sulfuric acid to a pH of between about 3 
and 3.5. The washing was continued until the sodium concentration of the effluent 
was nearly zero. The washed silica co-gel beads had a surface area of 318 m^/g, a 
moisture content of 84.5% LOD, and 0.8 wt. % zirconium, on a dry weight basis. A 
portion of these beads were dried at 120^C in air (Example lA). Another portion of 
the beads were soaked in an aqueous solution of CS2CO3 and ammonia (condition: 
645g hydrogel:10.8 g Cs2C03:455 g H20:3 g cone. NH3) for 4 hours, decanted and 
then dried at 120^C in air (Example IB). Table 1 and FIG. 1 compare these two 
samples. 
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Table 1 



Sample 


Example lA 


Example IB 


Example IC 


SA, m^/g 


318 


250 


257 


PV, cc/g 


1.10 


0.91 


0.99 


Cs, % 


0 


6.3 


6.5 


% broken beads 


31 


13 


76 


Avg. crush strength, 
Newtons/bead 


37 


102 


76 



It is clear from Table 1 and FIG. 1 that not only the percentage of good 
beads is increased, but also the strength of the beads is much improved for the catalyst 
beads prepared by hydrogel impregnation, compared to that of the support beads. 
Based on prior art processes, it is not expected that the manner in which the catalytic 
metal is added would have such a significant and positive impact on the strength of the 
beads. For comparison, another sample (Example IC) was prepared from sample 
Example 1 A by conventional solvent impregnation on xerogel beads under the 
following conditions: 100 xerogel: 10 g Cs2CO3:250 cc alcohol. Results are also listed 
in Table 1. Although alcohol has much lower surface tension than water, the 
breakage of beads is still severe. Only 24% of the resulted catalyst gels were good 
beads; the 76% of broken beads broke into mostly half beads. 

Example 2 

In another example of this invention, a silica-zirconia co-gel was made 
in a similar way as in Example 1 (0.8% Zr and 72.9% LOD). A portion of these 
beads were washed using the same wash method of Example 1 and then dried at 120^C 
in air (Example 2 A). Another portion of beads is washed using Method 2. This 
portion of beads are then further splited into two fractions. One fraction of beads is 
dried at 120^C in air (Example 2B), and the other fraction soaked in aqueous solution 
of CS2CO3 and ammonia (condition:369 g hydrogel: 11.5 g CS2CO3: 731g H2O : 3 g 
cone. NH3) for 4 hours, decanted and then dried at 120^C in air (Example 2C). The 
silica beads contained 0.8 wt percent zirconium on dry basis and had a surface area of 
about 300 m^/g. Table 2 and FIG. 2 compare these three samples. 
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Tal 


Die 2 


Sample 


Example 2A 


Example 2B 


Example 2C 


Example 2D 


SA, mVg 


307 


302 


258 


262 


PV, cc/g 


1.26 


1.07 


0.98 


1.02 


Cs, % 


0 


0 


5.64 


6.3 


%broken beads 


36 


15 


12 


100 


Avg. crush strength, 
Newtons/bead 


43 


56 


103 


NA 



It is again clear from Table 2 and FIG. 2 that the strength of catalyst 
beads is much improved compared to those of the support beads, regardless of the 
washing methods used. For comparison, a catalyst sample (Example 2D) was 
prepared by aqueous impregnation of a sample of xerogel beads prepared in 
accordance with Example 2A. When this sample of beads was immersed into an 
aqueous solution of CS2CO3, all beads shattered into pieces. This again demonstrates 
that the catalyst prepared in accordance with the method of the present invention is fai 
superior than prior art methods. 

Although illustrated and described herein with reference to certain 
specific embodiments and examples, the present invention is nevertheless not intended 
to be limited to the details shown. Rather, various modifications may be made in the 
details within the scope and range of equivalents of the claims and without departing 
from the spirit of the invention. 



